patients and is associated with mortality rates of 15-60% [2, 3] . Even those that survive are at a higher risk for dialysis or death [4] . Sepsis-associated AKI is high in ICU patients and occurs in 15-20% of all ICU admissions, and the mortality rate of these critically ill patients is approximately 70% compared to 45% in patients with AKI alone [5] . The high mortality rate of these individuals is thought to be due to multiorgan dysfunction. Here, the spleen appears to be a critical organ at the crossroad between bacterial infection and multi-organ dysfunction. This review will focus on the important role of the spleen in sepsis and AKI.
Splenic Function in Sepsis
The spleen is a major component of the reticuloendothelial system. Once bacteria/bacterial products have penetrated the initial barriers (epithelium and tissue resident phagocytes) and gained access to the blood, the next line of defense is the reticuloendothelial system. The reticuloendothelial system refers to tissues containing phagocytic myeloid cells (presumably macrophages), which play a key role in 'filtering the blood', and primarily include the spleen, liver, lung, and peritoneum. While the liver is by far the largest of these organs, with the greatest capacity for phagocytosis, the red pulp of the spleen has been shown to be more efficient at removing debris and particulate matter in the blood on a per-gram basis [6, 7] . The white pulp contains several structures involved in antibody production, antigen presentation, and T cell activation.
Upon bacterial sequestration by phagocytes, tissue expression of proinflammatory cytokines ensues [interleukin (IL)-1, IL-6, IL-8, tumor necrosis factor (TNF)-α, and IL-12] and elevated plasma levels are detected within hours [8, 9] . Given the importance of the reticuloendothelial system in bacterial engulfment, large amounts of cytokine are produced in these tissues, with peak TNF-α mRNA expression occurring around 3 h after septic surgery or lipopolysaccharide injection in mice [10] . At the protein level, tissue TNF-α expression is easily detected within 90 min, with the spleen being reported to produce approximately 10-fold more TNF-α than the liver and lung on a per-gram-of-tissue basis [11] . Several animal studies have demonstrated that deficiencies in inflammatory components improve survival in sepsis/endotoxemia [12, 13] . Because of a number of failed clinical trials in sepsis, a better understanding of the different immunological phases of sepsis is needed and new strategies need to be considered [14] . Furthermore, more studies need be conducted regarding the pathogenesis of AKI and in particular septic AKI.
An ongoing debate challenges our concept of the inflammatory response to sepsis and trauma [14] . Although early on the focus was on the infectious agent, Thomas [15] was responsible for a paradigm shift by changing the focus from pathogens to the pathological dysregulated host response that serves as the basis for the clinical expression of the systemic inflammatory response syndrome (SIRS). 'When we sense lipopolysaccharide, we are likely to turn on every defense at our disposal, we will bomb, defoliate, blockade, seal off and destroy all the tissues in the area' [15] . The 'defense system' is set into motion in response to danger-associated molecular patterns or pathogen-associated molecular patterns that activate innate immune cells to produce a variety of pro-and anti-inflammatory cytokines and prime the ensuing adaptive immune response [15] . Currently, two competing views prevail that describe the host inflammatory response to sepsis and trauma. The first view is that there is an immediate activation of both pro-and anti-inflammatory immune responses at the onset of sepsis through activation of the innate immunity. Early deaths are due typically to a hyperinflammatory 'cytokine storm' with clinical features such as fever, circulatory collapse, acidosis, and hypercatabolism. If sepsis persists, a pronounced immunosuppression ensues due to failure of the innate and adaptive immunity leading to uncontrolled infection and death. The second view is that early and persistent activation of the innate immunity and suppression of the adaptive immunity are thought to occur after the onset of sepsis. Death is due to the persistent activation of innate immunity leading to uncontrolled inflammation and tissue and organ injury [14, 16] .
The Spleen in AKI
In AKI, the role of the spleen has been demonstrated in experimental studies in splenectomized animals. Faubel and coworkers demonstrated that splenectomy did not exacerbate AKI; however, there was an increase in lung permeability [17] . In addition, they found that following ischemia-reperfusion injury (IRI) the splenic IL-10 production was increased, suggesting that the spleen contributes to the anti-inflammatory response and the reduction of lung injury [17] . In preliminary studies, we demonstrated that anesthetized animals that underwent splenectomy 1 week prior to mild bilateral renal IRI suffered worse AKI, higher circulating and renal infiltrating neutrophils, and increased kidney expression of CXCL1 and IL-6. These results support the concept that the spleen plays an important role not only in sepsis-associated AKI but also in AKI from IRI [Gigliotti et al., unpubl. observations] . Not all studies, however, have shown a protective role of the spleen in organ injury. Studies in hepatic injury show that splenectomy protects the liver from injury [18] .
Neural Control of Systemic Inflammation via the Spleen
Prior work by Straub [19] and more recently by Andersson and Tracey [20] has shed light on an important interaction between the nervous and immune systems. The nervous system, composed of both afferent sensory and efferent effector mechanisms, controls a number of functions such as voluntary movements, visceral function, and the heart rate to maintain normal homeostasis. In a similar manner, the nervous system controls inflammatory responses through a reflex circuit in which afferent signals sense inflammation and efferent signals quell inflammation. Immune cells express a variety of neurotransmitter receptors [21] [22] [23] [24] which are modulated based on the activation status. In general, it appears that electrical stimulation of splenic tissue results in a reduced cytokine production when challenged with inflammatory stimuli. This has been shown in ex vivo tissue stimulation [19] as well as in in vivo electrical stimulation via the vagus nerve [25] . The mechanism for this immunosuppression has since been described and the efferent signal is referred to as the cholinergic anti-inflammatory pathway [26] . Afferent and efferent signals are transmitted by the vagus nerve in response to danger-associated molecular patterns or pathogen-associated molecular patterns. Activation of the splenic nerve stimulates the production of acetylcholine by a splenic CD4+ subset within the white pulp via β-adrenergic receptor activation. Acetylcholine then crosses the marginal zone into the red pulp and activates α-7 nicotinic acetylcholine receptors (α7nAChRs) on splenic macrophages. Binding of acetylcholine to α7nAChRs on nearby macrophages results in suppressed splenic and in turn systemic cytokine (proinflammatory cytokines such as TNF-α, IL-1β, and high-mobility group box 1) levels during inflammation (both sepsis and other inflammatory diseases). Experimental studies have demonstrated that stimulation of the vagus nerve attenuates cytokine release in sepsis, IRI, and other states of inflammation.
Alternative Methods to Stimulate the Cholinergic Anti-Inflammatory Pathway
While this pathway seems promising, the current methods used to directly stimulate the cholinergic anti-inflammatory pathway seem limited to administration of cholinergic agonists or surgical methods to stimulate the vagus nerve [27] . Recently, we observed that mice exposed to a modified ultrasound regimen were protected from IRI [28] . The treatment was effective and prevented both acute tissue injury and the ensuing fibrotic response. We exposed anesthetized mice to an ultrasound protocol 24 h before renal IRI. Ultrasound-treated mice exhibited preserved kidney morphology and function compared to sham-treated mice. Components of the cholinergic antiinflammatory pathway appeared to mediate the tissue- This stimulates the production of acetylcholine that binds α7nAChRs on myeloid cells (macrophages) and results in reduced inflammation and IRI. NE = Norepinephrine; ACh = acetylcholine; BT = α-bungarotoxin; Adr R = adrenergic receptor. Adapted from Gigliotti et al. [28] . 
Conclusion
AKI is a growing medical concern, especially among individuals in the ICU. Inflammation appears to play a key role in the pathogenesis of AKI, and improved methods of immune-modulation are needed. The spleen appears to play an important role in cytokine production and disease progression, suggesting that it is a potential therapeutic target for a range of diseases. Recent evidence suggests that the cholinergic anti-inflammatory pathway is an inherent anti-inflammatory function of the spleen and is capable of modulating systemic inflammation via pharmacological or electrical stimulation. Our recent data suggests that ultrasound is also capable of stimulating this pathway and reduces systemic inflammation in an animal model of AKI. Thus, targeting the splenic cholinergic anti-inflammatory pathway using ultrasoundbased technologies is a promising avenue for future therapeutic development. The therapeutic potential extends beyond the kidney, and additional research targeting inflammatory disorders such as myocardial infarction, acute lung injury, rheumatoid arthritis, inflammatory bowel disease, and other disorders is needed.
